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The projected loss of soil carbon to the atmosphere resulting from climate change is a potentially 25 large but highly uncertain feedback to warming. The magnitude of this feedback is poorly constrained by observations and theory, and is disparately represented in Earth system models (ESMs) [1] [2] [3] . To assess the climatological temperature sensitivity of soil carbon, we calculate apparent soil carbon turnover times 4 that reflect long-term and broad-scale rates of decomposition. Here, we show that the climatological temperature control on carbon turnover in 30 the top meter of global soils is more sensitive in cold climates than in warm ones and argue that it is critical to capture this emergent ecosystem property in global-scale models. We present a simplified model that explains the observed high cold-climate sensitivity using only the physical scaling of soil freeze-thaw state across climate gradients. Current ESMs fail to capture this pattern, except in an ESM that explicitly resolves vertical gradients in soil climate and C
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turnover. An observed weak tropical temperature sensitivity emerges in a different model that explicitly resolves mineralogical control on decomposition. These results support projections of strong carbon-climate feedbacks from northern soils 5, 6 and demonstrate a method for ESMs to capture this emergent behavior.
40
Carbon cycle feedbacks represent a large uncertainty on the terrestrial response to climate change 1-3 . Much of this uncertainty arises from the dynamics of decomposing soil carbon under changing climate, in particular how the rate of carbon cycling through soils may change with warming. Fast-timescale observations 7 and general kinetic theory 8 both suggest that decomposition rates should increase with warming. While this temperature response has long 45 been thought to provide a positive feedback to warming 9 , its magnitude is poorly quantified due to the many confounding factors affecting soil metabolic rates 8 . Furthermore, acclimatory responses by soil microbiota that reduce the effect of warming on decomposition rates at longer timescales have been proposed [10] [11] [12] to explain the reduction in temperature sensitivity observed in experiments 13 . Given the size of global soil C stocks, especially at high latitudes 14 and the 50 potential long-term vulnerability of soil C to warming, it is critical to accurately include these feedbacks in assessing emissions scenarios that are compatible with desired climate outcomes 15 .
The and landscape changes on soil organic matter formation 20 (see Methods). Indeed, the large spatial variation of soil carbon turnover times across climate gradients served as an early piece of evidence supporting the idea that warming would lead to soil carbon losses 21, 22 .
Because the balance of carbon inputs and decomposition determine soil carbon stocks, and because both of these controls are mediated by climate, it is useful to separate them by defining 75 an apparent turnover time, τ, as the ratio of carbon losses via heterotrophic respiration to total carbon stocks. Since, at steady state, carbon losses and inputs are equal, and because we have more robust global estimates of productivity than of heterotrophic respiration, we assume that soils are approximately at steady state in order to estimate τ as the ratio of carbon stocks to carbon inputs 4 .
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In figure 1 we show the global distribution of soil carbon stocks ( fig. 1a) warming 3 , and a net high-latitude carbon gain from warming 2 , is thus likely a shared artifact of the weak temperature control in these ESMs.
Because none of the CMIP5 models represent permafrost carbon dynamics, we diagnose the same relationship from a model which does represent permafrost carbon via a PDE approach, CLM4.5 27 ( fig. 4g-h ). The two panels 4g and 4h differ only by a parameter, Z τ , that controls 150 decomposition rates k at depth, beyond the resolved climatologic controls. The parameter is defined as an e-folding depth, and a short value assumes that the base decomposition rate (k) of deeper soil horizons is intrinsically slower than surface soil carbon stocks (Fig. 4g) . A long efolding depth assumes that carbon pools in surface and deep soil horizons have similar intrinsic decomposability, which allows climatologic controls (e.g., temperature) to more strongly (Table S1 ),
suggesting that the corresponding projection of a strong permafrost carbon-climate feedback is also more realistic.
The wide spread in τ (Fig 1d) and the low-sensitivity emergent domain observed in warm climates ( Fig. 2 ) emerges from a model that includes mineral and microbial associations ( fig. 4i ).
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This mineral/microbial model predicts longer τ values for the clay rich tropical soils and therefore a reduced sensitivity to temperature. Because weathering rates increase with temperature in sufficiently moist ecosystems, clay amounts and temperature are positively correlated, which may explain the reduced tropical temperature sensitivity ( fig. S3 ). However, the reduced sensitivity of tropical soil carbon is also consistent with nonlinear models that 170 predict a temperature optimum for decomposition 29 , though only at tropical temperatures.
Separating these potential causes is not possible with the static benchmark proposed here, but is of great importance, as they would lead to different trajectories under global warming.
We propose that global temperature control on turnover, as expressed in spatial gradients, is a useful benchmark on dynamic models, which must predict these static relationships if we are 
Methods
A central goal of this paper is to use observed spatial gradients in soil carbon turnover, in particular the relationship between apparent turnover and temperature, to develop a benchmark for dynamical models that are used to make projections of soil carbon storage in response to climate change. We recognize that benchmarks derived from spatial gradients are insufficient to constrain transient responses, which is also why the direct use of spatial gradients to extrapolate forward in time (so-called space-for-time substitutions) is not possible. However, transient models must also make predictions about steady-state differences in soil carbon turnover across spatial climate gradients, which reflect a long-term climatological temperature sensitivity.
Because such gradients are observable, we seek to use this information as a test of the dynamical models. We contend that this inverse "time-for-space" substitution can serve as a global, observationally-derived benchmark to ask where and whether the underlying processes represented in ESMs are consistent with the observations. We note that the transient dynamics fig. 1c & 1d) . The full global dataset ( Fig. 1c and S1a) shows a main set of points that span a curve of minimum turnover times for a given temperature, with a tail of points extending above this main population. Water also exerts a strong control on soil carbon turnover, with reduced decomposition in soils that are either dry or saturated. Since our main goal here is to focus on temperature controls to decomposition, we seek to separate and mask out those soils that are most strongly affected by having either too much or too little water. We calculate the curve in figure 2 based on the derivative of the central relationship in 29 figure 1b. Q 10 is an exponential notation that is traditionally defined relative to the instantaneous 30 decomposition parameter k as:
The Q 10 parameter can therefore be calculated as:
Since, by definition:
we can redefine Q 10 in terms of τ:
and calculate the Q 10 at any point along the curve as the derivative of log(τ) with respect to 40 temperature via:
By choosing a polynomial regression in figure 1 of the form: as a potentially more realistic model than a fixed Q 10 model across all temperatures (Fig. 3b) . 70 Such an approach is a better match to the climatological temperature sensitivity in the cold- 
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A third step in complexity is to explicitly consider the role of soil freezing. Freezing is a powerful inhibitor of decomposition, and thus we can define the simplest freezing model as one
